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ABSTRACT  
The mechanical properties of individual WS2 nanotubes were investigated and directly related to their atomic 
structure details by in situ transmission electron microscope measurements. A brittle mode deformation was 
observed in bending tests of short (ca. 1 μm in length) multilayer nanotubes. This mode can be related to the 
atomic structure of their shells. In addition, longer nanotubes (6 7μm in length) were deformed in situ scanning 
electron microscope, but no plastic deformation was detected. A “sword-in-sheath” fracture mechanism was 
revealed in tensile loading of a nanotube, and the sliding of inner shells inside the outermost shell was imaged 
“on-line”. Furthermore, bending modulus of 217 GPa was obtained from measurements of the electric-fi eld-
induced resonance of these nanotubes.
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Introduction
In spite of the great technological progress that was 
made during the last years, comprehensive character-
ization of nanomaterials is still a challenging task, let 
alone the coupling between different properties (e.g., 
electromechanical properties). Imaging tools like 
scanning electron microscopy (SEM) and scanning 
force microscopy (SFM) can also be utilized as 
measurement tools. Hence, they play a central role 
in physical properties characterization of individual 
nanoparticles. Moreover, a combination of two different
imaging techniques, like scanning tunneling microscopy 
(STM) and transmission electron microscopy (TEM) 
provide us with a very powerful tool for studying the 
coupling between the material’s physical properties 
and its structural habits. 
The mechanical properties of individual nano-
structures can be thus studied directly by using variety 
of microscopy techniques, each one providing a 
different aspect of their characteristics. For instance, 
the first mechanical test of individual carbon 
nanotubes was performed by in situ experiments in 
the TEM. Treacy et al. [1] estimated the nanotubes' 
Young's modulus by measuring the amplitude of 
their intrinsic thermal vibrations. Furthermore, 
TEM studies produced direct observation of various 
deformation and fracture modes under compression 
of single multiwalled carbon nanotubes [2]. Pulling 
and bending tests on individual carbon nanotubes 
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by in situ TEM measurements were conducted. 
Here a special tensile testing stage was developed 
for this purpose, using microfabrication techniques 
[3]. This device enabled the direct application of a 
tensile strain to individual nanotubes while they 
are viewed with close to an atomic resolution by 
the TEM. In a very advanced study, starting from 
an amorphous carbon film, single-walled carbon 
nanotubes were obtained in situ in a high resolution 
transmission electron microscopy (HRTEM) by the 
combined effect of irradiation and axial strain [4]. 
These nanotubes were pulled and their mechanical 
behavior was characterized. A recent study was 
devoted to the kink formation and motion in carbon 
nanotubes at high temperatures and was carried out 
inside an HRTEM [5, 6]. 
The first inorganic nanotubes and fullerene-
like nanoparticles, made of WS2 were discovered in 
1992 [7]. Elucidating their growth mechanism from 
tungsten oxide nanoparticles permitted the scaling-
up of their production, which led to their recent 
commercialization as superior solid lubricants [8]. 
This progress makes the study of their mechanical 
properties highly warranted. Indeed, the mechanical 
properties and behavior of WS2 nanotubes were 
studied experimentally as well as by simulations and 
ab initio calculations. The Young’s modulus of WS2 
nanotubes was measured using different techniques. 
Thus, buckling tests resulted in an average value 
of 171 GPa [9] and tensile and post buckling tests 
resulted in a value of 150 GPa [10]. These Young’s 
moduli values are in good agreement with density 
functional-tight binding (DFTB) calculations as 
well. The Young’s modulus reflects the strength of 
the chemical bonds, both in nano and macro scale. 
Furthermore, the nanotubes exhibited high tensile 
strength (16 GPa); large values of strain (14%), as well 
as large elastic deformations. This behavior is unique 
to the defect-free nanotubes and do not characterize 
the bulk material, which is full with defects of different 
kinds [10]. Moreover, the sliding modulus between 
different walls of the WS2 nanotubes (which was 
determined by bending tests), was found to be smaller 
(2 GPa) compared to that of bulk MoS2 (19 GPa) [11]. 
It is believed that the (telescopic) sliding of the defect-
free multiwall nanotubes is dictated by pure van der 
Walls interaction between the shells. Contrarily, the 
bulk material contains substantial amounts of defects, 
which pin the layers together, preventing thereby 
their almost free sliding [11].
Shock wave resistance measurements of WS2 
nanotubes were carried out as well [12]. It was found 
that WS2 nanotubes are capable of withstanding stress 
caused by shock waves of up to 21 25 GPa. X-ray 
diffraction (XRD) and Raman analyses have confi rmed 
that unlike carbon nanotubes, which were shown 
to decompose and transform into a diamond phase 
under appreciably smaller stress condition (9 GPa), 
the structural integrity of the WS2 nanotubes under 
shock is preserved, except for some delimitation of the 
outermost layers. 
So far, the mechanical tests of WS2 nanotubes were 
performed within the atomic force microscopy (AFM) 
and the SEM. Due to the resolution limitation of the 
SEM, the nanotubes’ structural data before and during 
the buckling, bending and tensile tests could not be 
resolved clearly. In the present study, the mechanical 
behavior of multiwalled WS2 nanotubes was studied 
by in situ TEM experiments. The deformation process 
and fracture in some mixed modes of bending and 
buckling were revealed as well as the “sword-in- 
sheath” failure mechanism in tensile tests. These 
mechanical characteristics further confi rm the unique 
properties of the nanotubular phase of WS2.
1. Experimental 
In situ TEM mechanical tests were carried out in a
200-kV TEM (Tecnai G20) with a single-tilt sample 
holder (Nanofactory) integrated with a scanning 
tunneling microscope. In a typical experiment, two 
metal electrodes were used. The first electrode was a 
microscopically fl at Pt tip that was prepared by simply 
cutting a pure Pt wire of 0.3 mm diameter using a 
scissor. The second electrode was a very sharp W-tip 
with a radius of curvature of several tens nanometers, 
which was prepared by using the  s tandard 
electrochemical etching method. The W-tip was 
connected to a piezotube that allows a fi ne movement 
in three dimensions over several micrometers. The 
WS2 nanotubes were assembled onto the Pt tip 
before each experiment by rubbing the Pt-tip in the 
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nanotube powder. The microscopically flat Pt-tip 
was kept stationary while individual WS2 nanotubes 
were selected by the sharp W-tip inside the TEM. 
The vacuum in the TEM was 1×10 5 Pa. Amorphous 
carbon (a-C) was deposited [13, 14] (for example, to 
fi x the nanotubes on the electrodes) by focusing the 
electron beam on the area of interest with a small 
spot size.
In situ TEM bending tests of WS2 nanotubes, by 
the electric-field-induced resonance method were 
performed, as described before for carbon nanotubes 
[15 19]. A single selected WS2 nanotube was fi xed on 
a W-tip by deposition of a-C. The distance between 
the nanotube and the top Pt wire was about several 
micrometers or even closer, and the nanotube was 
not perpendicular to the counter electrode. A tunable 
sinusoidal signal (Vac≤10 V) provided by the function 
generator was applied across the nanotube and the 
counter electrode. By adjusting the applied frequency, 
the nanotube was brought to a resonance with the 
fi eld.
In situ SEM experiments were carried 
out as well in the LEO Supra 55 high 
resolution SEM (HRSEM) equipped with 
a nanomanipulator (Klocke Nanotechnik; 
10 nm steps). First, a WS2 nanotube was 
attached to a silicon cantilever within the 
environmental SEM (E-SEM model FEI 
XL-30 equipped with a micro-manipulation 
system Model Quarter Research & 
Development). The nanotubes were attached 
to Si cantilevers by exposing the contact 
point to the electron beam, producing 
amorphous carbon from hydrocarbons in 
the vacuum to form high strength glue [9, 
10]. Later on the nanotube tip was moved to 
the HRSEM, there a mirror polished silicon 
wafer was pushed against it. The nanotube 
was pictured following each movement [10]. 
2. Results and discussions
2.1   Bending and fracture of WS2 nanotubes
In situ TEM bending and buckling 
studies of individual WS2 nanotubes were 
performed. Qualitative mechanical characterization 
of individual WS2 nanotubes was carried out by 
means of deformation applied on a fixed nanotube. 
The nanotubes were deformed along arbitrary paths, 
usually in some sort of bending. Since the system is 
not equipped with a force sensor, the loads which 
were applied on the nanotubes are unknown. Still the 
results presented in Figs. 1 and 2 give a new insight 
into the mechanism of deformation and failure of 
these nanotubes. 
A deformation process of a WS2 nanotube within 
the TEM is presented in Fig. 1. This nanotube is ca. 
1.5 μm long and 21 nm in diameter. The nanotube 
was attached to the tungsten probe (amorphous 
carbon served as glue) at one end.  The other end was 
just touching the Pt electrode, hence it was held only 
by surface forces. Therefore, a fi xed-free confi guration 
can be determined for this experimental system. A 
bent nanotube is presented in Fig. 1(a), its profile 
resembles slender column in the second mode of 
Figure 1   (a) A bent WS2 nanotube with one end fi xed on W-tip with amorphous 
C. (b) (e) A series of HRTEM images recording the deformation process of the 
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buckling [20]. The load for this mode of buckling can 
be estimated according to the equation [20]:
where E is the Young’s modulus, I is the geometrical 
moment of inertia (I=π/4(Rout Rin)
44  where Rout and Rin 
are the nanotube’s outer and inner radius, respectively), 
and L is the nanotube’s length. Substituting the 
nanotube’s dimensions and its Young’s modulus [9, 
10] (150 GPa) a critical load of 10 nN is observed. 
Hence, the applied loads can be evaluated according 
to the nanotube’s profi le. 
A higher magnification of the marked area is 
presented in Fig. 1(b). It can be seen that the nanotube 
buckled uniformly, with a local radius of curvature 
about 320 nm. The local strain of the nanotube can be 
estimated according to the equation:
                                                                                         
                                            
where Rout is the radius of the tube and Rc is its radius 
of curvature during bending. According to Fig. 2(b), 
the local strain ε on the outside surface of the bent 
WS2 nanotube (Rout=10.5 nm, Rc=320 nm) is estimated 
to be 3%. Under further deformation, the nanotube 
became unstable and collapsed to form a single kink 
(Fig. 1(c)). The local strain can be estimated again 
according to Eq. (2). Now Rc≈150 nm and the strain 
can be evaluated as 7%. Upon further increasing 
the load (Fig. 1(d)), the outermost layers could not 
sustain the tensile strain, and a rip occurred (indicated 
by an arrow). As larger load was applied on the 
nanotube, the consequent rupture of the layers on the 
stretched side was observed until the point of local 
failure. At this point the strain of the nanotube can be 
estimated as 13% 14%. Next, the load was released 
by retracting the W-tip and a rip occurred at the 
outermost layers. As the nanotube was detached from 
the Pt wire it was recovered to its original straight 
shape, except for the rip in the outermost layer. 
According to previous measurements strain values 
in the range of 8% 14% were observed at the failure 
point [10], in tensile tests of WS2 nanotubes. Since no 
plastic deformation or failure can be observed in Figs. 
1(a) (b), the estimated strain is compatible with the 
previous data [10,11]. Furthermore, the higher strain 
value that was evaluated for the nanotube when 
it was further deformed (Fig. 1(c)) ca. 7% , almost 
approaches the lower limit value for fracture of WS2 
nanotubes. At higher loads only the outermost layers, 
which suffered the highest strain (as illustrated in Fig. 
1(d)), completely failed. No defects were observed at 
the inner shells of the nanotubes; hence it was able 
to recover to its straight shape. The high fracture 
resistance of the multiwalled tubular structure is 
clearly revealed here. 
The fracture evolution in another WS2 nanotube, 
ca. 1 μm long, is demonstrated using a series of TEM 
pictures in Fig. 2. The undeformed nanotube and its 
magnified ends are presented in Figs. 2(a) (c). The 
amorphous carbon which serves as a glue [13, 14] 
between the nanotube and the two contacts (Figs. 
2(b) (c)) is clearly observed. By moving the tungsten 
probe towards the Pt electrode, a load was applied 
on the nanotube, and two centers of deformation in 
the form of kinks appeared (Fig. 2(d)). Upon further 
increasing the load the layers broke apart in both 
centers of deformation (Figs. 2(e), (g), (h)). It is clearly 
demonstrated that the failure was stimulated on 
the stretched part (as was also observed in Fig. 1). 
Other segments of the nanotubes were completely 
undeformed and maintain their linear structure. A 
catastrophic failure then occurred on the lower kink 
site (Fig. 2(f)), and resulted in two shorter parts of the 
original nanotube. The upper part of the nanotube 
sustained the deformed structure. 
Different mechanical behaviors were observed 
for the tested nanotubes. The first nanotube was 
able to buckle in the second mode without any 
visible structural changes. Furthermore, upon 
further loading, only partial failure occurred and 
the nanotube maintained its straight shape as the 
load was released. The second nanotube, which 
was shorter (by ca. 30%) was plastically deformed 
and completely failed under bending. Still, in both 
nanotubes kinks were formed. The differences can 
be attributed to the dissimilar nanotubes’ length 
(rigidity) and the loading conditions. 
Former studies of WS2 nanotubes both under post-
buckling [10] and bending [11]  showed a nonlinear 
elastic behavior. Presumably, this nonlinearity can 
be attributed to the kinks that tend to form in the 
tubular structure which was confi rmed by the in situ 
ε＝     (2)RoutRc
Pcr=    (1)
9π2EI
4L2
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TEM experiments (Figs. 1 and 2).
In situ SEM buckling studies of individual WS2 
nanotubes were performed as well. A load was 
applied on the nanotube by pushing a silicon surface 
against it. The experiment was performed several 
times on different nanotubes; a representative sample 
is presented in Fig. 3. First the nanotube (6 7 μm in 
length) was deflected in the plane perpendicular 
to the image plane (Fig.  3(a)) .  As 
the nanotube was further loaded it 
became highly deformed resulting in 
the formation of a loop (Fig. 3(b)). The 
unloading process of the nanotube is 
presented in Figs. 3(c) and (d). As the 
nanotube was completely unloaded it 
jumped immediately to the tip, forming 
again a loop shape (not shown here). No 
fracture occurred during this deformation 
process. The limited resolution of the 
SEM does not allow determining either 
or not a plastic deformation occurred in 
this experiment. 
The great flexibility of the (WS2) 
nanotubular morphology is clearly 
demonstrated here. In contrary to the
nanotubes, the bulk material is very
brittle and would suffer only small 
deformations before fracture. Further-
more, the large nanotube’s deformation, 
which was observed only at in situ 
SEM experiments, can be related to the 
nanotube’s length. Other factors like 
the radius and the density of defects 
are non-relevant here since in all the 
experiments the nanotubes have similar 
radii (ca. 20 nm) and are considered as 
defect free [10].
A similar behavior was observed for 
carbon nanotubes which was denoted 
by large amplitude deformations 
beyond the Hookean behavior [21]. The 
nanotubes developed kinks or ripples 
(multiwalled tubes) under compression 
and bending strain. They furthermore 
flatten into deflated ribbons under 
torsion, and still could reversibly restore 
their original shape upon releasing the 
stress [2, 3, 16, 21 25]. This behavior is attributed to 
the remarkable fl exibility of the hexagonal network, 
which resists bond breaking and bond switching up 
to very high strain values [24]. Furthermore, the small 
dimensions of the nanotubes, leaves no room for the 
common macroscopic failure modes, which involves 
stress-concentrators like microcracks or dislocation 
Figure 2   TEM image of an individual WS2 nanotube (a) with its two ends fi xed on W- tip 
(b) and Pt wire (c), respectively. The nanotube was compressed and two kinks were formed 
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failure piles [21]. A variety of experimental evidence 
confirms that nanotubes can sustain significant 
nonlinear elastic deformations [2, 3, 16, 21 25]. Lourie 
et al. [2] showed that under large bending, carbon 
nanotubes collapse to form kinks on the internal 
(compressive strain) side of the bent nanotube, in full 
agreement with theoretical predictions. Moreover, 
long and slender multiwalled carbon nanotubes 
which are under compression strain, behave as 
elastica rods and form bends and loops [2]. Kink 
formation was also observed for BN nanotubes [26]. 
In situ TEM bending of BN nanotubes to angles 
beyond 30° 40° resulted in elastic deformation which 
proceeded through the propagation of consecutive 
momentary kinks. 
Similar behavior was observed for WS2 nanotubes. 
A ripple mode did not occur, which might be the 
result of the WS2 layer’s stiffness. The high stiffness 
value can be attributed to the sandwich S W S atomic 
structure of the nanotube layer.
An attempt to verify the mode of fracture of the 
WS2 nanotube as revealed from Figs. 2(g) (h) is made. 
It is impossible to locate in these images dislocations 
or any other sign of plastic deformation. Some of 
the inner layers seem to slide out. Former studies on 
these nanotubes, showed a brittle mode of fracture 
in tensile tests [10]. Also, molecular dynamics (MD) 
simulation of singlewalled MoS2 showed that the 
fracture occurred on its circumference without any 
plastic deformation [10]. Hence, the fracture in this 
case can be considered as a brittle one. In a similar 
study on carbon nanotubes, bending of both arc 
discharge made multiwalled carbon nanotubes 
(MWCNTs, Arc-CNT) as well as chemical vapor 
deposition (CVD) made MWCNTs (CVD-CNT) was 
conducted by in situ TEM. The Arc-CNT showed 
local plastic deformation over the elastic limit, 
while that of the CVD-CNT were failed in a brittle 
fracture mode. The difference in their mechanical 
characteristics was attributed to the atomic structure 
of the defects on the cylindrical wall of the two kinds 
of nanotubes and to their stiffness according to the 
difference in a diameter (number of the graphitic 
walls) [27]. A recent study also showed yielding in 
tensile test of Arc-CNT [28]. In an earlier study it 
was suggested that a nanotube deforms elastically 
until certain critical curvature is attained; then the 
atomic bonding in the stressed side changes from 
a graphite-like bonding state to a diamond-like 
state [29] (in accordance with the phase diagram of 
carbon which demonstrate phase transformation of 
graphite to diamond at a pressure of 1.7 GPa at room 
temperature [30]). Since, no high pressure phase 
exists for WS2, this kind of plastic deformation is not 
likely to occur in this nanotubes making them very 
stable under high pressure [31].
Figure 3   A series of HRSEM images recording the deformation 
process of an individual WS2 nanotube: (a) and (b) present the 
loading process while (c) and (d) present the unloading process. Scale 
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Figure 4   (a) A single WS2 with its two ends fi xed on two electrodes with amorphous 
C. After the nanotube was fractured, the inner shells slide inside along (b) and fi nally 
pulled out (d) from the outmost layer. (c) and (e) are HRTEM images of the area marked 
in (b)and (e), respectively
（a） （b） （d）
（c） （e）
0.2 μm 20 nm 0.2 μm
5 nm 5 nm
2.2   Tensile loading of WS2 nanotubes
Tensile test of individual WS2 nanotube, by in situ 
TEM experiments, is described in this part. The 
nanotube’s ends were fi xed to the electrodes with a-C 
as described before. By moving the tungsten probe, 
a load was applied and consequently the nanotube 
was strained and elongated. As the load was further 
increased the nanotube failed and fi nally fractured.
Figure 4 presents a set of TEM images, which 
describe the process of pulling an individual WS2 
nanotube. Before the test, the nanotube has a uniform 
diameter consisting of 9 layers (Fig. 4(a)). Figures 4(b)
(e) demonstrate clearly that a failure occurred on the 
nanotube’s outer shell. This failure mechanism is 
the so-called “sword-in-sheath” fracture mechanism 
[32, 33]. Following the fracture of the nanotube, a 
sliding event occurs between the inner shells and 
the outmost layer in a telescopic fashion (Fig. 4(b)). 
HRTEM image in Fig. 4(c) demonstrates clearly that 
the “sword” is now still inside the “sheath”. Finally, 
the internal shells have been totally pulled away from 
the top fragment, leaving a single-walled nanotube 
(Fig. 4(d)). The arrows in Figs. 4(d) (e) indicate the 
fracture site on the outmost layer. As expected, the 
missing length of the broken shell on the lower 
multiwalled nanotube is about 200 nm, which is 
equal to the length of top single-wall nanotube. 
This sword-in-sheath mode (or telescopic mode) of 
failure was predicted earlier in tensile tests of WS2 
nanotubes, which were carried out in SEM [10]. 
Unlike the bending deformation which was discussed 
earlier, in the case of the nanotube’s pulling a similar 
mode of deformation and rupture was observed for 
both the WS2 and the carbon nanotubes [10, 33, 34]. 
2.3   Electric-fi eld-induced resonance of WS2 nanotubes
In situ TEM bending tests of WS2 nanotubes, by 
the electric-field-induced resonance method were 
performed. Here, the fundamental natural frequency of 
the nanotube is obtained; this frequency 
is related to the bending modulus of the 
material by the Euler-Bernoulli equation 
for a cantilevered beam [16, 35]: 
  
where DI, DO, L, Eb, and ρ are the inner 
and outer diameter, length, bending 
modulus, and density of the nanotubes, 
respectively. βi is a constant for the ith 
harmonic, when β1 =1.875 and β2 = 
4.694 [16]. The bulk density of WS2 is 
7.73 g/cm3. Other structural parameters, 
such as the inner and outer diameter 
and even the number of the layers, can 
be accurately measured from the high-
resolution image of the nanotube’s 
root. All the measured nanotubes were 
perfectly crystalline and uniform in 
diameter. 
Once,  the fundamental  natural 
frequency f1 is observed, small vibration 
amplitude was maintained in order to 
minimize the bending curvature. Then, 
the dependence of the amplitude on 
22
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frequency was measured. From these measurements 
and using Eq. (3) an average value of (217 ± 40) 
GPa was observed for the bending modulus, Eb. In 
former studies on CNT’s the Young’s modulus was 
considered to be equal to the bending modulus. 
As for WS2 nanotubes, the value obtained for their 
bending modulus is slightly higher compared to 
the Young’s moduli determined by using other 
techniques as well as by DFTB calculations (150
170 GPa) [9, 10, 36]. Former bending tests of WS2 
nanotubes resulted in a nonlinear elastic behavior 
for large defl ections (as was demonstrated according 
to the force defl ection curves) [11]. The value of the 
Young’s modulus calculated from the maximum 
deflection of these nanotubes was superfluous. It 
is concluded therefore, that the bending modulus 
calculated from large bending deflections is not 
directly comparable to the Young’s modulus of the 
nanotubes.
Finally, the subject of potential influence of the 
electron beam on the mechanical loading will be 
discussed. The high value obtained for the bending 
modulus of WS2 nanotubes imply that the impact of 
the electron beam does not damage them. TEM and 
SEM examination of numerous WS2 nanotubes under 
up to 300 keV had shown the great stability of their 
structure under the electron beam. Furthermore, in 
situ SEM tensile tests of these nanotubes resulted in 
their theoretical strength, suggesting that electron 
beam damage does not alter the structure of these 
nanotubes [10]. 
3. Summary
The mechanical properties of WS2 nanotubes were 
studied by in situ TEM and SEM experiments. 
Centers of deformation in the form of kinks occurred 
while the nanotubes were loaded until complete 
or partial fracture occurred. These kinks can be 
correlated to the nonlinear elastic deformations 
of the nanotubes which were observed before. A 
hint for the nanotubes’ remarkable resistance to 
fracture was also demonstrated as a rip occurred 
but it was not propagated.  The incredible capability 
of the tubular morphology to highly deform was 
demonstrated as well. The deformation mechanism 
of the WS2 nanotubes is somehow different from the 
one observed for carbon nanotubes (since no ripples 
occurred). This difference can be related to the more 
complex atomic structure of the WS2 layers (the 
shell width is of 3 atoms) which makes it stiffer than 
carbon nanotubes. 
Tensile test of individual WS2 nanotubes 
experiments revealed the “sword-in-sheath” or 
telescopic failure mechanism which was predicted 
before. According to this mechanism when a pure 
tension is applied to a multiwalled nanotube which 
is attached to the tip through its outermost layer only, 
the failure occurs in this layer only, with the rest of 
the layers remaining intact.
The bending modulus of WS2 nanotubes was 
measured by the electric-field-induced resonance 
method. An average value of 217 GPa was 
obtained which is slightly higher compared to the 
Young’s modulus (150 GPa) of these nanotubes. 
A comprehensive analysis of these measurements 
combined with detailed ab initio calculations will be 
presented elsewhere. 
Further studies of the deformation and fracture 
of WS2 nanotubes are required in order to fully 
understand these mechanisms and the effect of 
defects on their mechanical behavior.
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